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Molecular modelling techniques and the semiempirical quantum mechanical
method MOPAC (AM1) have been used to calculate proton affinities (E,,)
for the three basic nitrogens in four polyaminocarboxylate ligands: DTPA
(1,4,7-triazaheptane-1,1,4,7,7-pentaacetic acid), DTPA-BMA [1,7-bis(methyl-
carbamoylmethyl)-1,4,7-triazaheptane-1,4,7-triacetic acid], DTPA-USI1 [1,1-bis-
(methylcarbamoylmethyl)-1,4,7-triazaheptane-4,7,7-triacetic acid] and DTPA-
US2 [1,4-bis(methylcarbamoylmethyl)-1,4,7-triazaheptane-1,7,7-triacetic acid].
The calculated E,, values suggest distinctions between the compounds regarding
the first protonation step. It is easier to protonate a terminal nitrogen relative to
the central nitrogen in DTPA and in DTPA-US2. In DTPA-BMA the situation is
the opposite, whereas the E,, values are fairly equal in DTPA-USI. Inductive
effects and differences in hydrogen-bonding patterns involving the protonated
ligands may explain these findings. The calculated E s offer an explanation for the
low second protonation constant found in DTPA bis-amides compared with
DTPA; protonation of the second nitrogen involves movement of a larger fraction
of protons from the central nitrogen to the other terminal nitrogen in the former
case. Since the pK, values are closely tied to the stability of the corresponding
Gd-chelates, this gives clues as to how the stability of DTPA-derivatives might be
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enhanced.

DTPA (1,4,7-triazaheptane-1,1,4,7,7-pentaacetic acid),
DTPA-BMA [1,7-bis(methylcarbamoylmethyl)-1,4,7-tri-
azaheptane-1,4,7-triacetic acid] and other aminopoly-
carboxylates form highly stable Gd(III) ion complexes
that are used as chelating agents in magnetic resonance
imaging (MRI) techniques.’* The thermodynamic and
kinetic stability of such complexes is important for their
diagnostic use, since transmetallation is one important
source of toxicity.

Replacement of two carboxylate groups in DTPA with
amide groups makes the corresponding Gd complex
(DTPA-BMA) non-ionic, which is advantageous in terms
of osmolality. However, the complex becomes somewhat
less stable; log K=22.5 for GdADTPA?® and 169 for
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GdDPTA-BMA.* It has been shown that log K is related
to the sum of the pK, values for the different protonation
sites in such ligands.? Furthermore, the second protona-
tion step in DTPA-bisamides has a significantly lower
pK, value than the corresponding step in DTPA.® This
pK, lowering has been ascribed to the different inductive
effects of carboxylate and amide groups.

Since pK, values and protonation mechanisms for
these ligands clearly determine the stability of the corre-
sponding Gd complexes, it was decided to examine
structure—protonation properties of the ligands shown in
Scheme 1 by molecular modelling techniques. Of these
ligands, only DTPA-US2 has, to this author’s knowledge,
not been synthesized.

Methods

Molecular mechanics calculations and molecular dyna-
mics simulations were performed with the DISCOVER
2.7 software package.® Molecular graphics was performed
with the INSIGHTII 2.0 programs.® Atomic point
charges and proton affinities were calculated using the
MOPAC 5.0 program package.” All calculations were
performed on a Silicon Graphics 4D/35 IRIS workstation
using the IRIX 3.3.2 operating system.

Proton affinities were calculated for each of the four
ligands shown in Scheme 1 using the AM1 Hamiltonian.®
The proton affinity is defined as — AH, for reaction (1).

B+H*=HB* (1)
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The proton affinity E, is thus taken as in eqn. (2)°

E.(B)= —[AH(HB")—-AH(B)—AH(H")] (2)

where AH(HB™*) and AH;(B) are the heats of formation
of the protonated and unprotonated species, respectively.
The heat of formation of H* [AH(H*)] is taken as the
experimental value (367.2 kcal mol ~!),'° in accordance
with previous calculations. E,,s were calculated for the
stepwise addition of one proton to the three nitrogens in
the four ligands. Protonation of the carboxylate groups
was not considered. For the first protonation step,
E,, values were calculated for the two (DTPA and
DTPA-BMA) or three (DTPA-US1 and DTPA-US2)
different nitrogen protonation sites. For the second
protonation step only the tautomer with the terminally
protonated nitrogen was considered. This is probably the
most stable di-protonated tautomeric form, owing to
larger charge separation than in the tautomer protonated
on neighbouring nitrogens.

The proton affinities were calculated by the following
procedure.

1. Starting structures of the unprotonated and
protonated forms of the four ligands were built on the
graphics screen, using the molecular modelling program
INSIGHTII. The main chain was assumed to be anti in
the starting structures.

2. The starting structures were energy minimized using
standard (library) charges and the molecular dynamics/
molecular mechanics program DISCOVER. The energy
minimizations were performed using a numeric Newton—
Raphson minimization method (VAQ09A), until the
gradient was less than 0.03. A distance-dependent
dielectric function, & = r;, was used.

3. Atomic point charges were calculated for the energy-
minimized structures using MOPAC with the MINDO/3
Hamiltonian. '

4. The structures were then energy-minimized incor-
porating the calculated charges and the same minimiza-
tion procedure as given in section 2.

5. A molecular dynamics simulation was performed at
500 K for each of the structures. The simulation lasted
20 ps, after an initial 5ps equilibration period. The
simulations were run using a 1.0 fs step length and a dis-
tance-dependent dielectric function, €=r;. Structures
observed every ps were selected for energy-minimizations
using the minimization procedure described under 2), and
subsequently written to disk. This gave a total of 20
energy-minimized structures for each ligand.

6. Heats of formation were calculated for each of the
structures having lowest molecular mechanical energy,
using MOPAC and the AM1 Hamiltonian.

7. Each of the lowest-energy structures was also used
as input coordinates for geometry optimization with the
MOPAC program, using the FLEPO geometry optimiza-
tion procedure and the NOMM keyword.

8. The heats of formation calculated under 6 and 7
were used to determine proton affinities for the molecular
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mechanics and MOPAC-derived structures according to
eqn. (2).

Although for some of the ligands, the molecular
dynamics simulations and molecular mechanics calcula-
tions identified other conformers that may co-exist in
solution, the assumption is made that the calculated E,.s
for the lowest energy conformers are representative values
for the unprotonated and protonated forms.

Results

Calculated heats of formation for the DISCOVER and
MOPAC energy-minimized structures, E,, values and
experimental pK, values for the four ligands are given in
Table 1.

Table 1 shows that the E,, values calculated for the
MOPAC and DISCOVER energy-minimized structures
are fairly consistent, although the heats of formation
differ considerably for the DISCOVER and MOPAC
geometry-optimized structures they are derived from. The
largest differences in the calculated E,, values are for
DTPA IA (12.9 kcal mol~'), DPTA IB (9.9 kcal mol ~')
and DTPA-US21II (10.2kcalmol~'). The remaining
differences in the calculated E s are all below
5.6 kcal mot ~ 1.

The calculated E,, values are smaller for the second
step than the first step for all ligands, as expected from
charge considerations and also from experimental pK,
values. However, there is no simple linear relationship
between the calculated E,,, and experimental pK, values
when comparing all ligands.

The results from the calculations on DTPA suggest that
the terminal nitrogens have higher proton affinities than
the central nitrogen: 6.0 and 9.0 kcal mol ~! for the MM
structures and MOPAC structures, respectively. Con-
sidering DTPA-BMA the situation is somewhat different.
Protonation of the central nitrogen is calculated to be
slightly favoured (5.8 and 3.8 kcal mol~!, respectively).
For the unsymmetrical bis-amide bearing the amide func-
tions on the terminal nitrogen (DTPA-US1) the proton
affinity is clearly lowest for this nitrogen. The E,, values
for the central nitrogen and the terminal nitrogen bearing
the carboxylate groups are fairly equal. In DTPA-US2 the
terminal nitrogen bearing the carboxylate groups has a
proton affinity that is 20.8 (MM) and 16.3 (MOPAC)
kcal/mol higher than that of the central nitrogen, which in
turn is 3.4 (MM) and 6.9 (MOPAC) kcal mol~' higher
than that of the central nitrogen bearing one amide group.
The rank ordering of E,, for the first protonation step are
in accordance with the rank ordering of pK, values for the
first protonation step in DTPA (10.6),° DTPA-BMA
(9.3)! and DTPA-USI1 (9.6)"".

Considering the second protonation step, the ordering
of E,, values are in accordance with reported pK,, values;
DTPA (8.7),° DTPA-BMA (4.4)"" and DTPA-US!
(5.3)". Considering the three bis-amides, it is found that
the proton affinity for the second proton is highest for
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Table 1. Calculated heats of formation and proton affinities (£,,) for MRI ligands (kcal mol—1).

AH,/kcal mol — 1%

Protonation

HB™*

E,./kcal mol "¢

Compound step/pK,°? B
DTPA 1A/10.6 —111.8 (—66.8)
1B
11/8.7 —261.6 (—229.5)
DTPA-BMA 1A/9.3 —2925 (—2458)
1B
/4.4 —337.3(—293.4)
DTPA-US1 1A/9.6 —279.3 (—228.5)
1B
IC
11/5.3 —337.1 (—291.9)
DTPA-US2 1A —286.07 (—240.5)
IB
IC

Il —324.6 (—2745)

—261.79 (—229.5)
—270.6 (—235.5)
—371.4 (—338.9)

—337.39(—293.4)
—333.5(—287.6)
—323.07 (—278.2)

—337.29(—291.9)
—339.47(—293.8)
—320.97(-271.9)
—330.87(—284.3)

—324.6 (—274.5)
—340.97 (—295.3)
—317.7 (=271.1)

—327.57 (—287.6)

517.0 (529.9)
526.0 (535.9)
477.0 (476.6)

412.0 (414.8)
408.2 (409.0)
352.9 (352.0)

425.0 (430.6)
427.3 (432.5)
408.8 (410.6)
360.9 (359.6)

405.8 (401.2)
422.1(422.0)
398.9 (397.8)
370.1 (380.3)

2The protonation steps are: |A, protonation of the central nitrogen; IB, protonation of the terminal nitrogen bearing carboxylate
groups; IC, protonation of the terminal nitrogen bearing amide groups; |l, protonation of the terminally placed amine nitrogens.
The pK, values were obtained from Ref. 5 and 11. ?The calculated heats of formation for the conjugated acid (HB *) and base
(B) pairs obtained from structures geometry-optimized by MOPAC and molecular mechanics. The latter heats of formation are
given in parentheses. °The proton affinities derived from the molecular mechanics calculated structures are given in parentheses.
?1n these structures the default convergence criteria in FLEPO were not achieved. However, the gradient norm in all geometry-
optimized structures except two was less than 10 kcal mol ~’ A-2, and the test for geometry convergence was satisfied in all

structures.
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Fig. 1. MOPAC geometry-optimized DTPA, DTPA-BMA,
DTPA-US1 and DTPA-US2 ligands protonated on the
central nitrogen.

the unsynthesized ligand DTPA-US2 and lowest for
DTPA-BMA.

The MOPAC geometry optimized ligands protonated
on the central nitrogen (IA) are shown in Fig. 1. The
structures protonated on the terminally placed nitrogens
bearing the carboxylate groups (IB) and amide groups
(IC) are shown in Fig. 2. The di-protonated ligands are
shown in Fig. 3.

The adopted conformation and the observed hydrogen-
bonding patterns are quite different in the ligands. Com-
paring the hydrogen-bonding geometries involving the
charged nitrogens in DTPA and DTPA-BMA, it is found
that, in DTPA protonated on the central nitrogen (IA),
there is only one hydrogen bond involving the central
carboxylate group. In DTPA protonated terminally (IB)
there are two hydrogen bonds formed, both involving
the carboxylate groups bonded to the protonated
nitrogen. The hydrogen-bonding pattern involving the
central N(amine) group in DTPA-BMA (IA) is similar to
DTPA (IA). However, the hydrogen-bonding pattern
involving the terminal N(amine) group (IB) is different
in DTPA-BMA, since the central carboxylate group is
involved in hydrogen bonding. The main chain is slightly
‘back-coiled’, as may be seen in Fig. 2.

Considering the unsymmetrically substituted amides,
DTPA-USI1 (IA) has two hydrogen bonds towards the
charged NH group, one involving the carboxylate group
on the same nitrogen. The tautomer protonated on the
terminal nitrogen bearing the two carboxylate groups
(IB) forms two hydrogen bonds involving these car-
boxylate groups. The tautomer protonated on the amide
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Fig. 2. MOPAC geometry-optimized DTPA, DTPA-BMA,
DTPA-US1 and DTPA-US2 ligands monoprotonated on the
terminal nitrogens.

side (IC) is not stabilized by hydrogen bonding towards
the amide groups. One N-H hydrogen bond is formed
towards the centrally placed carboxylate group. The
central nitrogen in DTPA-US2 (IA) is not involved in
hydrogen bonding towards the central amide group, but
towards a terminal carboxylate group. In DTPA-US2
the tautomer protonated terminally on the carboxylate
side (IB) is stabilized with two hydrogen bonds towards
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Fig. 3. MOPAC geometry-optimized DTPA, DTPA-BMA,
DTPA-US1 and DTPA-US2 ligands diprotonated on the
terminal nitrogens.

the carboxylate groups, as is also found in DTPA and
DTPA-USL. The tautomer protonated on the terminal
amide side is stabilized by two hydrogen bonds: towards
the carboxylate group and the amide group on the same
nitrogen. In addition to the hydrogen bonds involving
the protonated N(amine) groups, there are also hydrogen
bonds formed between the amide hydrogens and car-
boxylate groups in the three bis-amides. This may be
discerned by inspection of Figs. 1 and 2. Partly as a result
of this, the latter ligands have a more globular shape than
DTPA.

Considering the di-protonated ligands, the charged
N-H groups in DTPA are involved in hydrogen bonds to
the four terminal carboxylate groups. In DTPA-BMA
only two hydrogen bonds are formed, each involving
the terminal carboxylate groups. in DTPA-USI three
hydrogen bonds are formed with the N-H groups, two
involving the terminal carboxylate groups and one
involving the central carboxylate group. In DTPA-US2
there are four N(amine)-H hydrogen bonds formed,



involving the three terminal carboxylate groups and the
terminal amide group as acceptors.

Discussion

The calculated proton affinities for DTPA, DTPA-BMA,
DTPA-USI and DTPA-US2 suggest protonation mecha-
nisms that can be compared with results from NMR
spectroscopy and potentiometry. Based on NMR and
potentiometric measurements it has been suggested that
the first protonation step in DTPA and bis-amides like
DTPA-BMA involves the central nitrogen. The second
protonation step involves protonation of a terminal
nitrogen with concerted movement of the first proton to
the other terminal nitrogen.’ The calculated E,, values
are not in complete agreement with this scheme, as they
suggest a distinction between DTPA and DTPA-BMA.
The E s suggest that it is easier to protonate the terminal
nitrogen in DTPA, whereas protonation of the central
nitrogen is slightly favoured in DTPA-BMA. This can be
related to the structures and hydrogen-bonding patterns
of the monoprotonated species described in the previous
section. Whereas the N(amine)-H hydrogen-bonding
patterns are similar for the centrally protonated tautomer
(IA), they are different in the terminally protonated
tautomer (IB), since the central carboxylate group is used
to stabilize the N-H group in DTPA-BMA (IB).
Considering the numerous hydrogen-bonding patterns
possible in these compounds and the limited conforma-
tional search performed on each ligand, it is difficult to
judge the significance of this distinction. However, it may
indicate that it is conformationally easier to stabilize a
terminal proton by intramolecular hydrogen bonding in
DTPA than in DTPA-BMA. Solvation effects, which are
not considered in these in-vacuo calculations, are expected
to make hydrogen bonding less likely between donors and
acceptors that are separated by a large number of bonds.

The effects of amide substitution on the calculated
E,,, values are also apparent for the two unsymmetrically
substituted amides, DTPA-US1 and DTPA-US2. The ter-
minal nitrogens bearing the two carboxylate groups have
the highest proton affinity, in accordance with more
favourable H-bonding interactions. When comparing
E, for protonation at this site with that for protonation
at the central nitrogen, it is found that the difference is
especially large in DTPA-US2. This ligand is the only
one bearing one amide group on the central nitrogen.
Stabilization of this tautomeric form is only achieved by
hydrogen bonding to a terminally placed carboxylate
group.

Considering the hydrogen bonding patterns found in
these ligands, it is seen that N(amine}-H hydrogen bond-
ing towards the carboxylate groups is highly preferred
over the amide oxygens. Hydrogen bonding between
N(amine)}-H and amide oxygens is only observed in
DTPA-US2 IC and II. This is probably caused by the fact
that carboxylate oxygens are better hydrogen bond
donors, owing to higher charge.

It has been suggested that the differences in the
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measured pK, values seen in bis-amides like DTPA-BMA
as compared with DTPA, is related to the different
inductive effects of a carboxylate group and an amide
group. One argument against this explanation is that
inductive effects are likely to be small when the amide
(carboxylate) groups are separated from the protonation
site by two o-bonds. In view of the calculated E,, values
discussed above, it is tempting to consider other possible
explanations for the observed differences in the pK,
values. The calculated E s suggest that the tautomeric
equilibrium between the terminally protonated nitrogen
and the centrally protonated nitrogen will be shifted more
towards the former tautomer in DTPA than in bis-amides
like DTPA-BMA. This may be explained by inductive
effects and differences in hydrogen-bonding patterns.
However, if this is the case, the large drop in the second
pK, value can be explained by the fact that protonation of
the second nitrogen will involve movement of a larger
fraction of protons from the central nitrogen to the
unprotonated terminal nitrogen in DTPA-BMA com-
pared with DTPA. It is assumed that the diprotonated
form protonated terminally is most stable. Moving a
proton from the central to a terminal nitrogen is less
favoured energetically in DTPA-BMA than in DTPA.
The experimental pK,, value for DTPA-USI lies between
that for DTPA and DTPA-BMA. This is in accordance
with the calculated proton affinities for the second
protonation step (II), and it is also in accordance with the
calculated difference in E_, for the central and the
terminal nitrogens. The latter protonation site is favoured
by 6.0 (MM) and 9.0 (MOPAC) kcal mol~! in DTPA,
and 1.9 (MM) and 23 (MOPAC) kcalmol~! in
DTPA-USI1. It is disfavoured by 5.8 (MM) and 3.8
(MOPAC) kcal mol ~! in DTPA-BMA.

It is interesting to compare the unsynthesized com-
pound DTPA-US2 in this context. It has the highest
proton affinity for the second protonation step when com-
paring the three bis-amides. Furthermore, the difference
in proton affinity between the central and the terminal
(carboxylate) nitrogen is largest in this compound: 20.8
and 16.3 kcal mol ~! in favour of the latter site calculated
from the MM and MOPAC structures, respectively. This
finding is suggestive of a high second pK, value.

The E,, values discussed above were calculated without
consideration of solvation effects. The solvation energies
are presumably quite large for these ligands. However,
when comparing E,, for the different protonation sites,
only possible differences in solvation energies between
the tautomeric forms are relevant for the protonation
mechanisms discussed. These solvation effects are judged
to be small, in view of the similarity of the tautomers.
Solvation effects may partly explain the poor correlation
between E,, and pK, values when considering all four
compounds; the calculated E,, values are approximately
100 kcal mol ~! larger for DTPA than for the bis-amides.
Substitution of two anionic carboxylate groups with
neutral amides is likely to result in solvation energy
differences for the unprotonated and protonated forms.
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Since the sum of the pK|, values is related to the stability
of the corresponding Gd-chelates, the above explanation
of the differences in experimental pK, values suggests that
the stability of DTPA-derivatives might be increased if the
proton affinity of one of the terminal nitrogens can be
raised relative to the central nitrogen, thus avoiding
proton transfer during the second protonation step. One
way of doing this is suggested in DTPA-US2. The calcul-
ated E,s for this compound suggest that protonation
of a terminal nitrogen would be even more favoured
relative to the central nitrogen than in DTPA. This is
indicative of a high second pK, value and also high com-
plex stability, compared with the bis-amides DTPA-BMA
and DTPA-USI. It remains to be determined to what
extent this effect might compensate for the beneficial effect
of higher ligand charge in DTPA compared with the
bis-amides.
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